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ABSTRACT: This paper discusses the progress in the development of a high performance TCO for thin film silicon 
solar cells achieved so far by Saint-Gobain. The main issues treated here are the studies about the chemical 
precursors (doping species and tin precursors), the subcoating between glass and TCO, durability and the results for 
large area industrial mass production of the TCO. A high-performance TCO was obtained, exhibiting an initial 
efficiency of 11.5 % for a 1 cm² micromorph tandem cell, and 10.3 % for a 30x30 cm2 module. These R&D results 
allow Saint-Gobain to enter the PV market with a TCO substrate suitable for silicon thin film solar modules. 
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1 INTRODUCTION 
 
Transparent conducting oxides deposited on glass are 
widely used in thin film silicon photovoltaic cell 
technology. The design of the TCO substrate is specific 
to this technology since the substrate plays a key role for 
the amount of light entering the cell and for an efficient 
light-trapping inside the cell. 
Among the requested specifications of the TCO 
substrate, one can list: a high optical transmission, strong 
light scattering, a sheet resistance in the range of 8 to 
15 Ω and a suitable durability during the module 
production and module lifetime. Not only the reduction 
of the silicon production cost but also the realization of a 
cost-effective TCO substrate is a key point to achieve 
mass production of modules [1-3]. Several ways of 
improvement of the TCO are to be followed like the 
reduction of the absorption losses and the fine tuning of 
the texture of the TCO. 
The two main candidates are fluorine doped tin oxide 
(SnO2:F) and aluminum doped zinc oxide (ZnO:Al). 
SnO2:F presents a very good mechanical durability 
(scratch resistance) and a good stability to chemical 
cleaning. It can be deposited during the float glass 
production with high throughput. Finally, it has the merit 
not to need any post deposition texturing treatment since 
it is naturally grown with a rough surface. For all these 
reasons, Saint-Gobain Glass develops a more efficient 
TCO compared with the existing ones on the market. 
This paper discusses the different ways of process 
optimization for a low cost mass-production of SnO2:F 
for highly efficient photovoltaics. 
 
 
2 STUDY OF THE FLUORINE DOPANT – 
REDUCTION OF ABSORPTION 
 
2.1 Basics 
 In order to avoid the carbon incorporation which 
takes place with the TFA (trifluoro acetic acid, 
CF3COOH) and leads to absorption losses, we studied its 
replacement by NF3 (nitrogen trifluoride). Both 
precursors are widely used in the thin film industry [4-6]. 
They are less hazardous than hydrogen fluoride. 
 
2.2 Experimental 
For TCO characterization we applied optical 
spectroscopy (Perkin-Elmer Lambda 900) for 
transmission, absorption and haze in the range from 300-
1200 nm. Haze compensated transmission is obtained 
using a matching index liquid method. Light integrated 
values of transmittance, absorption and haze are 
determined by integration with the eye sensitivity. For 
the electrical properties, Hall effect measurements were 
performed using the Van der Pauw method. 
 Solar cells were prepared at IPV in a 30x30 cm² 
reactor. Details of the deposition equipment are described 
elsewhere [7-8]. Solar cell characterization was 
performed with a Wacom sun-simulator under standard 
test conditions (AM1.5, 100 mW/cm2, 25 °C). 
For this study, the TCO deposition was performed in 
a pilot reactor at Saint-Gobain. Series of trials have been 
carried out. We investigated several deposition 
parameters variations like the deposition temperature and 
the precursors’ ratios. 
 The three most relevant parameters in the design of 
the TCO being the light transmission, the haze and the 
sheet resistance, we searched an optimal point. Note, that 
haze is not sufficient to describe the light scattering in 
solar cells [9,15]. However, since the surface structures 
are similar within some limits, we consider the haze as 
significant criterion. As shown in Fig. 1, which 
represents the possible compromises between haze and 
transmittance for the set of produced samples, the 
coatings prepared with NF3 do exhibit a higher light 
transmission for a same haze and sheet resistance. 
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Figure 1: Comparison of light transmission and haze for 
SnO2:F coatings doped with either TFA or NF3 (with 
equivalent sheet resistances of about 10±2 Ω). 
 
2.3 Evaluation in solar cell 
 On the basis of the experimental results above, we 
prepared samples for silicon cell evaluation. These 
evaluations were lead by the IPV Jülich. It is noticeable 
that the TCO from Saint-Gobain presents equivalent 
performances in a-Si:H cells as our benchmark product, 
with a TFA-doping in that case (Fig.2 & 3).  
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Figure 2: Initial efficiencies of 1 cm² single junction a-
Si:H cells using front TCOs from Saint-Gobain and a 
benchmark product. 
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Figure 3: Short-circuit current densities using TCOs 
from Saint-Gobain and a benchmark product (1 cm² 
single junction a-Si:H cell). 
 
Fig. 4 and 5 show initial cell efficiency and short circuit 
current density of codeposited 1 cm² micromorph tandem 
solar cells as function of TCO sheet resistance. The 
performances using the Saint-Gobain TCO with a NF3–
doping in that case are even higher than those obtained 
with the benchmark product. More details of these cells 
are given in Table I. For a 30x30 cm2 module in the 
a-Si/µc-Si tandem structure we achieved an initial 
aperture area efficiency of 10.3 %. 
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Figure 4: Efficiencies using TCOs from Saint-Gobain 
and a benchmark product (1 cm² tandem junction cell a-
Si:H/µc-Si:H). 
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Figure 5: Short-circuit currents using TCOs from Saint-
Gobain and a benchmark product (1 cm² tandem junction 
cell a-Si:H/µc-Si:H). 
 
Table I: JV-parameters for a-Si:H/µc-Si:H 1cm² cells 
(comparisons are made by pairs for cells produced in a 
same run, which explains two different results for the 
cells using the benchmark product). 
 
TCO SG 
(TFA) 
Benchmark 
product 
SG 
(NF3) 
Benchmark 
product 
η, % 11.00 11.00 11.48 10.92 
Voc, mV ▬ ▬ 1335 1351 
FF, % ▬ ▬ 70.3 68.7 
Jsc, 
mA/cm2 ▬ ▬ 12.24 11.76 
 
 
3 STUDY OF SnCl4 – MBTCl MIXING 
 
3.1 Industrial background and motivation 
Monobutyltin-trichloride (MBTCl), C4H9SnCl3, is 
one of the most often used precursors for the on-line 
deposition of SnO2:F by AP-CVD, especially for the  
low-e glazing application. Industrially, it presents the 
advantages for being low cost, moderately corrosive and 
with a moderate toxicity. Being less reactive with air 
than SnCl4, it can be more easily handled in various 
industrial lines with no problem of building-up of the 
injection lines. Finally, comparisons of various usual tin 
precursors have been carried out, showing satisfying 
results for MBTCl when used for the deposition of 
SnO2:F purposed for silicon thin film solar cells [10]. 
On the other hand, the use of SnCl4 is also shown to 
be beneficial for light scattering TCOs, which is not 
required for the low-e applications but is crucial for the 
use of these coatings in the PV application. Another 
feature in favor of SnCl4 is the absence of carbon in the 
molecule so that residual carbon in the TCO coating can 
be excluded. Such residual carbon in the coating may 
create light absorption and worse electrical properties. 
As a consequence of these observations, some trials 
have been carried out where the precursors MBTCl and 
SnCl4 have been mixed for the deposition of SnO2:F. 
 
3.2 Experimental 
The coatings have been prepared on a lab-scale 
atmospheric pressure APCVD reactor. The substrates 
were pre-heated above 600°C through a multi-zone 
furnace. Liquid precursors (MBTCl, SnCl4 and H2O) are 
brought to the deposition zone through bubblers with 
controlled temperatures and N2 as carrier gas. NF3 was 
used rather than TFA as the fluorine precursor to avoid 
the presence of carbon in the layer. In order to mix both 
tin precursors in a full range of proportions, the MBTCl 
bubbler and the SnCl4 bubbler were heated at two 
different temperatures such that both precursors had the 
same vapor pressure. The mixing was controlled by the 
carrier gas flows in each bubbler. As the water has a 
strong effect on the deposition rate, the total flow of 
MBTCl and SnCl4 was adjusted for each H2O flow rate 
so that a target thickness around 600 nm and a target 
sheet resistance around 10 Ωsq were obtained. 
The coating characterization methods are described 
in §2.2. 
 
3.3 Results 
Fig. 6 gives carrier mobility and density, and haze 
(value at 700 nm of wavelength) dependences with the 
volume ratio between both tin precursors that are sent for 
the deposition. Variations are given for several used 
water flow-rates, from 1 to 8 slm (standard liter per 
minute). It can be observed that an improved mobility is 
obtained at a medium ratio of SnCl4. For depositions with 
pure SnCl4, we observe a strong decrease of the mobility 
resulting in high sheet resistance up to 80 Ω. As it is 
preferable to have a low carrier density, leading to higher 
NIR transparency, we observed that the medium ratio is 
here not favorable. However, the transmittances of the 
coatings (not shown here) keep constant (85±0.5 %). 
H2O has a well known positive effect on the haze due to 
the MBTCl decomposition acceleration leading to a 
higher deposition rate [11], which is clearly observed in 
our experience. At high level of SnCl4, a strong increase 
of haze is observed. This can be correlated with SEM 
images (shown in Fig. 7) where sharper grains were 
observed for 100% SnCl4. This is not necessarily 
beneficial for solar cells performances as it may lead to 
low shunt resistance of the cells. 
To answer this question, a-Si:H thin film solar cells 
have been prepared using some selected substrates 
among the series of the precedent SnO2:F coatings. The 
cells were comparatively evaluated through JV-curves 
measurements under illumination. The table II shows the 
results where we can see an optimal performance for 
53 %vol of SnCl4. 
This work demonstrates the benefit that can be 
obtained with a mixing of tin precursors. No good 
performances could be obtained with pure SnCl4 
depositions due to degraded electrical properties and too 
sharp grains. For an industrial on-line process, the mixing 
option appeared to be an interesting compromise between 
various industrial constraints and TCO performance 
optimizations. 
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(c) 
Figure 6: Electrical and optical properties of SnO2:F 
coatings as function of the MBTCl-SnCl4 ratio and N2-
flow rate in the H2O bubbler (indicated in the legend). (a) 
carrier mobility, (b) carrier density and (c) haze at 
700 nm of wavelength. 
Table II: JV-parameters for a-Si cells obtained with the 
TCO coatings deposited with various ratio of 
SnCl4/MBTCl, and for 3 slm N2-flowrate in H2O bubbler. 
 
%vol SnCl4 32 44 53 100 
η, % 8.64 8.98 9.50 8.23 
Voc, mV 826 838 850 826 
FF, % 68.4 69.6 72.1 62.5 
Jsc, mA/cm2 15.29 15.40 15.49 15.94 
 
 
 
(a) 
 
 
(b) 
Figure 7: SEM tilt views of SnO2:F coatings deposited 
for the two coatings from Table I, with (a) 32 %vol and 
(b) 100%vol SnCl4. 
 
 
4 SUBCOATING INFLUENCE 
 
A sublayer between glass and TCO coating is very 
important for application in solar modules. This layer has 
antireflection and anticolor effects when its index is 
chosen intermediate between glass index (1.52) and the 
SnO2:F index (1.90). A SiOC layer was chosen with 
appropriate thickness and index in that purpose. The 
advantage for this subcoating is also its barrier effect 
against Na migration from sodalime glass substrate. First, 
it is well known in CVD process that this barrier effect 
prevents the formation of sodium chloride crystals inside 
the SnO2:F coating (from the reaction of the Na with the 
Cl of chlorinated precursors), creating pinholes inside the 
SnO2:F coating. We could observe that the presence of 
pinholes is correlated with non-homogeneous and wavy 
visual aspect of the haze that are detrimental for the 
appearance of solar modules especially in building 
integration. To avoid this non-homogeneity of the haze, 
we also tested SiO2 sublayers that appeared to be 
efficient too, even if their refractive index seems not to 
be appropriate at first sight. 
Finally, an important benefit of the sublayer is to 
retard the Na migration caused by the thermo-electrical 
solicitation that occurs during the ageing of solar 
modules [12-13]. This can be detected by a 
representative accelerated test leading to the fast or slow 
delamination of the SnO2:F coating at the end of the test. 
The test consists in applying 100 V between both sides of 
the 4 mm glass substrate heated at 200°C for 10 minutes, 
thus attracting the Na+ ions of the glass towards the 
interface with SnO2:F. The delamination results from the 
Na mechanical (stress increase) and chemical (corrosion) 
actions. 
The study of the migration of Na with various 
subcoatings shows that the glass Na+ ions are forced 
anyway to go through the barrier layer. For example, Fig. 
8a shows from TOF-SIMS measurements that Na is very 
well stopped by the SiOC sublayer before delamination 
test. After the test (Fig. 8b), some Na has diffused 
through the SiOC. This is thought to be due to the 
concentration of a major part of the voltage into the non 
conductive SiOC layer, while the glass at 200°C and the 
SnO2:F are conductive, Na+ being then forced towards 
the SnO2:F coating by a strong electrical field. Besides, it 
is known that silica structure provides sufficiently open 
space at high temperature inside its tetrahedrally-bonded 
structure for Na diffusion [14]. 
200 nm 
Our TCO coatings were tested through this 
delamination test with several sublayers of SiO2 or SiOC 
and compared with SnO2:F directly deposited on the 
glass. It was observed that the barrier sublayer retards the 
migration of Na into the SnO2:F thus retarding the 
delamination. The tested barrier layers have only a 
retardation effect on the delamination but this effect 
appeared to be enough in comparison with standard 
commercial TCO for PV. 
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(b) 
Figure 8: TOF-SIMS element profiles in a Glass / SiOC 
/ SnO2:F stack (a) before and (b) after the delamination 
test.  
200 nm 
5 FIRST GENERATION TCO FOR 
PHOTOVOLTAICS 
 
On the basis of the R&D results, Saint-Gobain Glass 
decided to launch a first generation TCO that is dedicated 
to thin film a-Si:H solar modules. 
The products are designated as follows: SGG PV-
TCO X.Y, where X stands for the minimum haze and Y 
stands for the sheet resistance. SGG PV-TCO is mainly 
available on standard soda-lime glass 3.15mm and 
3.9mm. 
Fig.9 shows the spectra of SGG PV-TCO 7.10 on a 
3.9mm standard soda-lime glass. The compromise 
between haze and absorption makes it suitable for a-Si 
cells. 
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Figure 9: Spectral curves of SGG PV-TCO 7.10 on 
3.9mm standard soda-lime glass 
 
Such a TCO exhibits the performances in a-Si:H cells 
which are disclosed in Table III. It can be seen that the 
behavior in cells is quite good compared with the 
benchmark product. 
 
Table III: JV-parameters for a-Si:H 1cm² cell made with 
SGG PV-TCO 7.10 on 3.9mm standard soda-lime glass  
 
 
SGG PV-TCO can also be heat-strengthened to satisfy 
the customer needs. 
This first generation product is still under improvement 
and a second generation product is forecasted for high 
performance micromorph tandem modules. 
 
 
6 CONCLUSIONS 
 
In summary, various possible optimizations of the 
deposition conditions of SnO2:F coatings by CVD have 
been studied, and the effect on the performances on a-Si 
thin film solar cells have been measured. First, NF3 has 
been tested as an alternative to TFA as the fluorine 
precursor. This led to a better compromise between the 
three TCO important characteristics: transmittance, haze 
and sheet resistance. 
The study of the mixing of two tin precursors, 
MBTCl and SnCl4 showed that a 1:1 ratio can lead to 
better TCO properties as well as better a-Si cell IV-
curves compared with pure MBTCl or pure SnCl4. The 
mixing option is also interesting for high volume 
industrial lines in which the use of SnCl4 can cause 
building-up in the injection lines and generate phase 
reactions because of its high reactivity. 
The subcoatings have been studied regarding their 
positive influence on the optics, and their barrier to Na 
effect leading to improved resistance to delamination 
risks. SiOC subcoatings have been evaluated and 
presented satisfying properties for these two aspects. 
SnO2:F coated glass substrates, appropriate for the  
a-Si:H thin film solar cells, could then be produced with 
an on-line CVD process. 
Future work will be carried out to reach higher 
performances for a-Si:H cells as well as for µc-Si and 
micromorph cells that require adapted characteristics of 
the TCO. 
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